plified from cosmid DNA provided to us by the Donadio [14, 15] . The aglycone can then be glycosylated with a variety of different sugar groups using the vancomycin group at Vicuron Pharmaceuticals [2, 5] , cloned into the pET22b expression vector, and expressed in E. coli as or chloroeremomycin glycosyltransferases as previously described [3, 4] . We enzymatically synthesized C-terminal His 6 -tagged proteins. The proteins were purified by nickel chromatography to greater than 95% 10 mg of 2-aminoglucosyl AGT, 6-aminoglucosyl AGT, glucosyl AGT, and 2-aminoglucosyl AGV, using the GtfE purity based on SDS-PAGE analysis with a yield of 27 mg protein per liter of cell culture for each enzyme (data enzyme, the corresponding UDP-sugar, and the heptapeptide aglycone scaffold as shown in Figure 2A . not shown).
Since GtfE has relaxed aglycone specificity [4] , we were also able to glycosylate scaffolds where the amino Chemoenzymatic Synthesis terminus was protected with the Alloc protecting group of Glycopeptide Scaffolds [6] . This allowed the synthesis of the N-decanoylThe Atf enzymes acylate the sugar amino group of their 6-aminoglucosyl AGT standard chemoenzymatically by corresponding 2-aminoglucosyl crosslinked heptapepenzymatically glycosylating the protected aglycone, tide scaffolds [1] . While there are slight variations bechemically acylating the free amine on the 6-aminoglutween the teicoplanin and A-40,926 backbones (i.e., cosyl residue, and finally deprotecting the N terminus N-terminal methylation, differential aromatic chlorination, of the heptapeptide. the absence of a GlcNAc at the β-OH of scaffold residue 6, and a C 6 -COOH oxidation state on the N-decanoylsugar residue), we have chosen to use the teicoplanin Initial Kinetic Characterization of the A-40,926 Acyltransferase scaffold due to its availability [5] . The teicoplanin aglycone (AGT) and vancomycin aglycone (AGV) can be obaAtf was incubated with 2-aminoglucosyl AGT and octanoyl-CoA, and the ensuing reaction was monitored tained from teicoplanin or vancomycin through the acid hydrolysis of the sugar groups in trifluoroacetic acid by HPLC. A representative A 280 HPLC chromatogram is Table  1 ). Parallel determination of the catalytic rate of tAtf retaining decanoyl-CoA to a previously reported authen- Figure 3A . With the exception of hexynoyl-CoA and biphenoyl-CoA, which were synthesized using the 4-fold drop in catalytic efficiency. Although the complete kinetic characterization of the tAtf enzyme with general fatty acid/coenzyme A condensation strategy previously reported [16], all of these substrates were 2-aminoglucosyl AGV was not performed, we qualitatively observed that tAtf could accept 2-aminoglucosyl commercially available.
The results of the acyl chain specificity analysis are AGV as a substrate as well (data not shown). The ability of these acyltransferases to acylate different scaffolds shown in Figures 3B and 3C . Both enzymes had a preference for long-chain acyl-CoAs. While trace amounts opens the door to generating novel lipoglycopeptides based on the vancomycin scaffold structure. of product formation were observed using isobutyryl-, β-hydroxybutyryl-, crotonoyl-, and benzoyl-CoA by LCMS, the turnover was too slow to be quantified by Sugar Specificity In addition to scaffold and acyl chain specificities, the HPLC. Biphenoyl-CoA was not a substrate for either enzyme. The best substrate for aAtf was the C 12 acyl ability of the acyltransferase enzymes to recognize alternate sugars was examined. In the physiologic setchain of lauroyl-CoA, while the best substrate for tAtf was decanoyl-CoA. In general the most robust subting, the Atf enzymes recognize the nucleophilic amino nitrogen at the 2 position of the glucosyl ring. To see if strates were acyl chains containing between 6 and 14 carbons. Across the acyl chain range, tAtf maintained acylation would proceed at other positions on the ring, 6-aminoglucosyl AGT was synthesized and tested. When a higher activity than aAtf. LCMS analysis, as summarized in Table 2 , provides presume that the sugar amine has been acylated and this is the N 6 octanoyl product, a novel site of acylation. insight into the identities of the two products. While the mass of each product is consistent with a single acyla-A chemically synthesized N-decanoyl-6-aminoglucosyl AGT standard was used for HPLC and LCMS tion of the scaffold, the major product flies as a doubly charged ion while the minor product flies only as a sincomparison to the reaction products resulting from an incubation of aAtf with 6-aminoglucosyl AGT and decgly charged ion. Teicoplanin aglycone flies only as the singly charged ion (presumably ionization of the N-teranoyl-CoA. HPLC coinjection verified that the chemically synthesized standard coeluted with the minor reminal amine). Both 2-aminoglucosyl-and 6-aminoglucosyl AGT fly as doubly charged ions (presumably both action product, and LCMS of the synthetic standard shows the singly charged ion (data not shown). the N-terminal amine and the sugar amine are ionized).
N-octanoyl-2-aminoglucosyl AGT flies only as the
The ability of the acyltransferases to acylate sugar hydroxyls was confirmed by changing the sugar idensingly charged ion (the acylated sugar amine can no longer be ionized, and only the N-terminal amine retity to glucose, thereby removing the amine altogether. Thus, glucosyl AGT could be utilized as an acylation mains ionizable). Since the major product of the acylation with 6-aminoglucosyl AGT flies as a doubly substrate, and the formation of a new product could be detected by HPLC ( Figure 4E , top trace). This new charged ion, we can deduce that the sugar amine remains unmodified, and acylation must have occurred product, presumably the 2-O-decanoyl-glucosyl AGT, To further explore this 2-OH and 6-NH 2 activity, we Discussion determined the pH optimum of aAtf using 2-aminoglucosyl-, 6-aminoglucosyl-, and glucosyl AGT. With the Natural products generated on nonribosomal peptide natural substrate (2-aminoglucosyl AGT), the pH desynthetase multimodular assembly lines commonly unpendence leveled off at pH 8 ( Figure 4A ). Fitting the pH dergo a series of post assembly line tailoring reactions dependence to a single ionization resulted in a pKa of catalyzed by dedicated tailoring enzymes encoded in 6.7. The pH dependence of both the glucosyl-and the biosynthetic genes clusters [17] . These enzymatic 6-aminoglucosyl AGT scaffolds shows an increasing maturation steps may be crucial for the gain of biologirate with pH up to the pH of enzyme stability, pH 10 cal activity, as typified by glycosylations of deoxy-( Figures 4B and 4C) . Interestingly, at higher pH values, erythronolide B on the way to the antibiotic erythromya second minor monoacylated product could be seen cin and by the tandem oxidative crosslinkings of the forming in the glucosyl AGT reactions similar to the seacyclic heptapeptide to generate the rigid aglycone cond minor product observed in the 6-aminoglucosyl scaffolds for vancomycin and teicoplanin family antibi-AGT reactions. Due to the presence of two products, otics. the velocity determined in these pH dependence exIn toto, vancomycin undergoes three types of post periments was taken as the sum of the rates of formaassembly line enzymatic tailorings: Leu 1 -N-methylation of each individual product. Figure 4D shows how tion, the oxidative crosslinking of side chains 2-4, 4-6, the ratio between the two products changes as a funcand 5-7, and two glycosylations. Teicoplanin undergoes tion of pH for both substrates; at lower pH's acylation four oxidative crosslinkings, including side chains of resiat C 2 predominates, while the amount of C 6 acylation dues 1-3, three glycosylations, and one acylation of the increases at higher pH's.
2-aminoglucosyl moiety. The teicoplanin family member While the activity was highest at pH 10, the formation A-40,926 undergoes all of the teicoplanin modificaof the minor product could be minimized by reducing tions, except β-OH-Tyr 6 glycosylation, plus two addithe pH, and kinetic parameters for these substrates tional ones: Leu 1 -N-methylation and 2-aminoglucose were determined at pH 9 (summarized in Table 1 The vancomycin and teicoplanin group of natural product antibiotics share related crosslinked heptapepfurther modification of the glucosyl moiety by vancosamine or epivancosamine by GtfD or GtfC, respectide scaffolds that are produced by nonribosomal peptide synthetases and then become glycosylated tively. To that end the tandem incubations depicted in Figure 5 were conducted where the 6-aminoglucosyl by dedicated tailoring enzymes. One distinction between teicoplanin and vancomycin is that teicoplanin AGT scaffold was subjected to Atf action, followed by GtfD and TDP-L-vancosamine. These were done in paris a lipoglycopeptide, bearing a long-chain acyl group on the 2-aminoglucosyl moiety. We have now characallel following glycosylation of the β-OH of β-OH-Tyr 6 Cloning, Expression, and Purification of tGtfA terized the recently discovered acyltransferase (Atf)
The tgtfA gene was PCR amplified from the plasmid pAT9 using from the teicoplanin biosynthetic cluster and a ho- , H-3, H-4), 5.03-4.98 (m, 1 H,  H-2), 4.40-4.30 (m, 4 H, OCH 2 ), 4.22-4.16 (m, 1 H, 5-H cosyl AGT were coinjected with the corresponding reaction mixPhosphate 13 (590 mg, 1.05 mmol) and trioctylamine (0.47 ml, 1.05 tures to verify acylation at the C2 or C6 amine, respectively. Since mmol) were coevaporated with pyridine (3×). UMP morpholidate an authentic standard for the acylation of a glucosyl scaffold was (1.15 g, 1.67 mmol) was added, and the mixture was coevaporated unavailable, 5 mg of the major reaction product between glucosyl with pyridine (3×). The residue was dissolved in pyridine (8 ml), vancomycin and decanoyl-CoA was purified by HPLC, and the 1 H tetrazole (250 mg, 3.2 mmol) was added, and the mixture was NMR spectrum was determined (500 MHz, d 6 -DMSO). The spectrum stirred for 2 days. Following evaporation, the residue was dissolved of the reaction product was compared to that of glucosyl vancomin H 2 O containing 0.1% NH 4 HCO 3 (18 ml), extracted with Et 2 O, and cyin showing a distinctive shift in the H-2 proton of the glucose purified by preparative reversed-phase HPLC to give the protected residue while the other protons remained unaffected. UDP derivative (420 mg, 56%). This compound was dissolved in DMF (5 ml), Bu 4 NF (1 M in THF, 5 ml) was added, and the solution was stirred for 16 hr. After removal of the solvents, the residue was pH Dependence of aAtf Activity dissolved in H 2 O containing 0.1% NH 4 HCO 3 (10 ml), filtered, and
The pH dependence of the aAtf reaction was determined using purified by preparative reversed-phase HPLC to afford the UDP 2-aminoglucosyl-, 6-aminoglucosyl-, or glucosyl AGT as acceptor sugar 14 (265 mg, 80%) as its ammonium salt. 
